INTRODUCTION {#SEC1}
============

Synthetic RNAs with diverse biological activities can be designed by taking advantage of the structural and genetic information encoded in their sequences. siRNA provides a good example of the combined importance of structural and genetic information in governing RNA activity: the short double-helical structure of siRNA engages the cell\'s RNAi machinery, while its specific nucleotide sequence determines which mRNA is targeted for destruction ([@B1]). siRNA can be combined with other RNA motifs to produce more complex structures with fine-tuned activities. For example, siRNA units have been appended to RNA motifs that can self-assemble into well-defined nanostructures ([@B2]--[@B4]), while combining RNA aptamer sequences with siRNA can promote cellular targeting ([@B5]--[@B7]). Other modifications to siRNA have been used to link it together and increase its length, which can influence its physicochemical and biological properties by affecting intracellular processing, stability and immunogenicity ([@B8]--[@B10]).

Rolling circle transcription (RCT) provides a simple mechanism for amplifying circular DNA into complementary RNA up to ∼100× the length of the DNA template ([@B11],[@B12]). This is analogous to a concatenation operation that pastes the sequence encoded in the circular DNA template into a linear, periodic RNA string. RCT from dumbbell templates--double stranded DNA sequences flanked on both sides by single stranded loops---can yield multiple siRNA/miRNA sequences linked together by single-stranded regions ([@B13],[@B14]). These molecules could potentially fold into a periodic-shRNA (p-shRNA) structure that may resemble primary-miRNA; however, the folded structure of these molecules had yet to be elucidated.

The structural properties of p-shRNA could lead to biological activities in addition to gene silencing. Large dsRNA molecules are potent activators of the innate immune system through pattern recognition receptors (PRRs), and have shown promising anticancer activities arising from direct cytotoxicity to cancer cells and immunostimulatory effects ([@B15],[@B16]). The typical dsRNA molecules used in these studies have simple sequences, like poly-I:C or poly-A:U, and thus do not encode genetically relevant information. On the other hand, modifications to siRNA, like the addition of a 5′-PPP or increasing its length through complementary overhangs, have yielded molecules capable of both immunostimulation and gene silencing ([@B10],[@B17],[@B18]). We hypothesized that the size and structure of p-shRNA would make it immunostimulatory, providing cytotoxicity against cancer cells independent from its capacity for RNAi.

Herein, we sought to better control and understand the synthesis and structural properties of p-shRNA molecules and test their cytotoxicity against a panel of cancer cell lines. We explored different modifications to the DNA template design and found parameters that influenced the productivity of the RCT reaction; we also studied the structure of p-shRNA through folding models, circular dichroism (CD) and enzymatic digests, which suggested that p-shRNA co-transcriptionally folds into a periodic hairpin structure. Compared to poly-I:C, p-shRNA showed equal or greater cytotoxicity against a panel of cancer cell lines when delivered with common transfection reagents (Lipofectamine 2000^®^ and TransIT-X2^®^), induced greater NF-κB nuclear translocation in SKOV3 cells, and caused gene silencing. These findings suggest that p-shRNA is both a potent cytotoxic agent and innate immune activator capable of inducing RNAi.

MATERIALS AND METHODS {#SEC2}
=====================

General {#SEC2-1}
-------

All reagents used for *in vitro* transcription were purchased from New England Biolabs (NEB). The transfection reagents used in this study were either Lipofectamine^®^ 2000 (Life Technologies) or TransIT-X2^®^ (Mirus). The poly-I:C used for all experiments was poly(I:C) HMW from Invivogen, which has an average size of 1.5--8 kb. Nucleic acid ladders were purchased from NEB and all gels were stained with GelRed (Biotium) for visualization and quantification. RNA quantification was carried out by UV-260 absorbance (Nanodrop) and Quant-iT Ribogreen assay (ThermoFisher). Antibodies used were NF-κB p65 (Abcam ab32536) and Alexa 488-labeled goat anti-rabbit 2° antibody (Thermo A-11008). Nuclear staining was carried out with NucBlue (Molecular Probes).

Circular DNA template design and synthesis {#SEC2-2}
------------------------------------------

ssDNA oligos with a 5′-phosphate modification were purchased from Integrated DNA Technologies with polyacrylamide gel electrophoresis (PAGE) purification. For a complete list of template sequences, please refer to the Supplementary Information (Supplementary Table S1). All templates were designed to fold into dumbbell structures with the 5′ and 3′ ends within the ds-region. For circularization, the templates were first diluted to 3 μM in 1× quick ligation buffer (NEB) and heated to 95°C for 2 min followed by a gradual cooling to 25°C (∼1°C/min) to facilitate folding. T4 DNA ligase was next added to the DNA solution at a ratio of 400 U/ 0.4 nmol DNA, and the ligation reaction was left at 25°C for 2 h. Ligation was confirmed by denaturing PAGE (15% tris-borate-EDTA (TBE)-urea); the circularized templates were immediately used for RCT without purification.

Cell culture {#SEC2-3}
------------

Green fluorescent protein (GFP)-expressing HeLa and A549 cell lines were purchased form CellBioLabs and maintained in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Luciferase-expressing SKOV3 and UCI101 ovarian cancer cells were kind gifts from Drs. Lorenzo Ceppi, Wei Wei and Michael Birrer (Massachusetts General Hospital). These were maintained in RPMI with 10% FBS, 1% penicillin/streptomycin and 40 μg/ml blasticidin for selection. All cells were maintained at 37°C in a 5% CO~2~ humidified atmosphere.

Rolling circle transcription and isolation of p-shRNA {#SEC2-4}
-----------------------------------------------------

Optimized reaction conditions for RCT were found by varying the concentrations of nucleotide triphosphates (NTPs), circular DNA and T7 RNA polymerase according to a central composite design. Optimal conditions were determined by response surface modeling carried out in JMP Pro 11; these conditions were then used for all subsequent experiments (for additional details see the Supplemental Information). The optimized RCT reaction conditions for a typical 200 μl reaction were as follows: 120 μl of the DNA ligation reaction (3 μM DNA) was combined with 20 μl of 10× RNAPol reaction buffer, 12.5 μl of 100 mM mixed NTPs, 40 μl of T7 RNA polymerase (50 000 U/ml) and 7.5 μl of RNase-free water. The reaction mixture was incubated for 48 h at 37°C before quenching with 20 μl of 0.5 M ethylenediaminetetraacetic acid (EDTA) (this step also dissolves magnesium pyrophosphate/RNA microsponge particles, releasing all RNA into the solution ([@B19])); 20 min later, the RNA was isolated by pressure-driven ultrafiltration (200 kDa MWCO), washed 3× with 1 ml of RNase-free water and resuspended in 200 μl of RNase-free water. p-shRNA concentration, quality and size distribution were determined by UV-absorbance (Nanodrop) and gel electrophoresis (1.5% agarose, 1× TBE). Denaturing gel electrophoresis was performed by heating the RNA samples in formamide-containing buffer (RNA loading buffer, NEB) for 10 min at 70°C then loading onto either a formaldehyde-agarose gel (1.5% agarose, 1× MOPS buffer, 7% formaldehyde) or a 15% PAGE-Urea gel (Bio-Rad).

Circular dichroism {#SEC2-5}
------------------

CD was measured with an Aviv Model 202 CD spectrometer. RNA samples were dissolved at 60 ng/ml in tris-EDTA (TE) buffer and spectra were collected from 200--300 nm with a 1 nm bandwidth and 5 s averaging. After collecting an initial spectrum at 25°C, the CD signal at 210 nm was monitored while heating to 95°C (CD signal measured at 2°C intervals with 0.25 min equilibration time). A final spectrum was then collected at 95°C.

Enzymatic digests and serum stability {#SEC2-6}
-------------------------------------

RNase I digests were performed with recombinant RNase I~f~ (New England Biolabs). p-shRNA samples were dissolved at a final concentration of 60 ng/μl in the recommended buffer (NEBuffer 3) and sonicated for 5 min prior to the addition of 1 μl of enzyme solution (50 000 Units/ml). The reaction was incubated at 37°C for 10 min, then inactivated through the addition of 3 μl of 0.5 M EDTA and heating for 10 min at 70°C. For analysis, 10 μl aliquots from each reaction were run on a non-denaturing 15% TBE-PAGE gel for 1.5 h at 80 V, stained with GelRed^®^ (Biotium) and imaged under UV illumination.

RNase T1 digests were performed using recombinant RNase T1 (New England Biolabs) following a similar procedure except that 50 mM Tris buffer containing 2 mM EDTA was used with 7 Units of enzyme and the digests were carried out for 5 h at 37°C. For analysis, 10 μl aliquots were immediately loaded onto a non-denaturing PAGE gel (15% TBE), or for denaturing PAGE analysis, samples were mixed with formamide-containing denaturing buffer and heated to 70°C for 10 min prior to loading onto a denaturing PAGE gel (15% TBE-urea). Band quantification was performed using Image J and the ratios of large to small fragments are reported as the average of three experiments ± s.e.m.

Serum degradation studies were carried out using 50% human serum (Corning Cellgro). p-shRNA or siRNA samples were first diluted to 25 ng/μl in phosphate buffered saline (PBS) then mixed with an equal volume of human serum and incubated at 37°C. Aliquots were removed at the indicated time points, combined with RNaseOut (to inactivate serum nucleases) and stored at −80°C until analysis. Samples were run on a non-denaturing PAGE gel (15% TBE) at 80 V for 1.5 h, stained with GelRed and imaged under UV illumination. Band quantification was performed using Image J and half-lives were calculated by fitting an exponential decay function in Prism. An additional gel showing a serum only control is provided in the Supplemental Information (Supplementary Figure S6C).

Structural prediction {#SEC2-7}
---------------------

Folding predictions were performed using 2--6 repeat sequences of p-shRNA, assuming that transcription was initiated at one of the single-stranded loops. The minimum free energy (MFE) and co-transcriptionally folded structures were determined using the RNAfold ([@B20]) and CoFold ([@B21]) web servers, respectively. Both predictions were carried out using the energy/folding parameters indicated in the text. 3D models based on MFE or co-transcriptional folding were generated using RNAComposer ([@B22]) and measurements/rendering were performed using PyMol.

p-shRNA complexation with transfection reagents {#SEC2-8}
-----------------------------------------------

Complexation with Lipofectamine^®^ 2000: RNA was dissolved in Opti-MEM at a concentration of 6 μg/ml and combined with Lipofectamine^®^ 2000 reagent dissolved in an equal volume of Opti-MEM (1.7 μl of Lipofectamine/μg RNA). After mixing, the sample was allowed to sit for 15 min at room temperature prior to use, giving a final RNA concentration of 3 μg/ml.

Complexation with Mirus TransIT-X2^®^: TransIT-X2^®^ reagent was added to a 5.5 μg/ml solution of RNA in Opti-MEM at a ratio of 3.7 μl of reagent/μg of RNA. The solution was mixed thoroughly and allowed to sit for 25 min before diluting with Opti-MEM to a final RNA concentration of 3 μg/ml. Lipofectamine^®^ and TransIT-X2^®^ only samples were both prepared following the above procedures but excluding RNA.

Cell viability and knockdown assays {#SEC2-9}
-----------------------------------

Cell viability: experiments were carried out 24 h after seeding cells in a 96-well plate with 100 μl of complete DMEM (10% FBS), at which point the cells were ∼50% confluent. Complexes formed in serum-free Opti-MEM were added to the cells at volumes ranging from 1 μl to 100 μl (each condition was performed in triplicate); following the addition of RNA, well volumes were all adjusted to 200 μl final volume with Opti-MEM and left to incubate for 48 h (final \[FBS\] = 5%). Cell viability was then assayed with CellTiter-Glo reagent (Promega) according to the manufacturer\'s instructions and IC~50~ values were calculated by fitting a 3-parameter log-logistic model to the dose-response data via the DRC package in R ([@B23]).

Caspase activity: caspase activation was measured using the Caspase-Glo 3/7, Caspase-Glo 8 and Caspase-Glo 9 assay systems (Promega). Cells were incubated with p-shRNA or poly-I:C/Lipofectamine complexes for 14 h prior to measuring caspase activity according to the manufacturer\'s protocol.

GFP knockdown: cells were prepared in a 96-well plate as described above. RNA complexes formed in Opti-MEM were added to the cells to give a final RNA concentration of 10 or 30 nM (with respect to dsRNA units; this corresponds to ∼180--540 ng/ml RNA); after 24 h, the media was replaced with fresh DMEM and the cells were left for an additional 48 h before analyzing reporter gene expression (i.e. 72 h after adding RNA). GFP was analyzed by flow cytometry using a FACSCalibur flow cytometer equipped with a high-throughput sampler (λ~Ex~ = 488 nm; λ~Em~ = 530/30 nm). To prepare the cells for flow cytometry, they were first washed with PBS, disassociated with trypsin and resuspended in DMEM containing 10% FBS. The resulting data was analyzed using FloJo and presented as mean fluorescence averaged over three independent samples, normalized to the average fluorescence of untreated cells.

Luciferase knockdown: cells were prepared in a 96-well plate as described above. RNA complexes formed in Opti-MEM were added to cells to give a final concentration of 15 nM and the medium was replaced with fresh RPMI medium 24 h after transfection. After an additional 48 h, the cells were lysed with 75 μl 1× Glo Lysis Buffer (Promega). For each well, a 25 μl aliquot of the cell lysate was transferred to another 96-well plate and assayed for total protein content with the Pierce BCA Protein Assay Kit. Luciferase expression in the remaining cell lysate was measured with the Steady-Glo luciferase assay system (Promega) using a Tecan Infinite M200 Pro 96-well plate reader. Luminescence readings were first normalized to total protein and presented as the mean for three independent samples normalized to the corresponding value for untreated cells.

NF-κB nuclear translocation assay {#SEC2-10}
---------------------------------

p-shRNA or poly-I:C/Lipofectamine complexes were added at varying concentrations to SKOV3 cells in a 24 well plate (∼50% confluent) 24 h after seeding. After 1 h, the media was removed and cells were fixed with 3.7% formaldehyde in PBS (10 min), permeabilized with 0.1% Triton-X in PBS (5 min), incubated with 1° NF-κB antibody (350× dilution) for 1 h at RT, then stained with 2° antibody (500× dilution) for 1hr in the dark at RT. During the final 10 min of staining, DAPI (NucBlue) was added to each well (one drop/well) prior to washing the cells with PBS and adding mounting medium. Cells were imaged on an Olympus IX51 epifluorescence microscope using appropriate filter sets for DAPI and AF488. Image analysis was carried out using Cell Profiler ([@B24]).

Statistical analysis {#SEC2-11}
--------------------

All pairwise statistical comparisons were made using a two-sided Welch\'s test. A *P*-value cutoff of 0.05 was used for determining statistical significance. Where appropriate, *P*-values were corrected for multiple comparisons using Holm\'s method. Results are presented as mean or geometric mean ± s.d., s.e.m., or 95% C.I., as specified in the figure legends.

RESULTS {#SEC3}
=======

p-shRNA synthesis {#SEC3-1}
-----------------

A schematic of the RCT reaction used in this study is illustrated in Figure [1A](#F1){ref-type="fig"}. We adopted a dumbbell template design ([@B13]) predicted to introduce alternating double-stranded and single-stranded regions into the transcribed RNA. We first optimized the RCT reaction from a DNA template with two equivalent 10-base loops (template 6: loop sequence corresponds to the miR-23a loop) and a 21 bp ds stem by varying the concentrations of T7 RNA polymerase, DNA and NTPs according to a central composite design screen. The response surface model generated from the screen identified that \[Enzyme\], \[Template\] and \[NTP\]\*\[NTP\] significantly influenced (*P* \< 0.05) the reaction yield (Figure [1B](#F1){ref-type="fig"}; for further details see the Supplemental Information, Tables S2-S3 and Figure S1). The second-order response to \[NTP\] was confirmed in a follow-up experiment, where \[NTP\] was varied from 2--10 mM at a constant concentration of template and enzyme, which demonstrated inhibition of the RCT reaction at \[NTP\] greater than ∼7 mM (Supplementary Figure S2).

![Optimization of rolling circle transcription (RCT) reaction. (**A**) Schematic representation of RCT from a dumbbell-shaped circular DNA template. (**B**) Response surface model of RNA yield from RCT as a function of template, NTP and T7 RNA polymerase concentrations. RNA yield increased linearly as a function of template and polymerase concentrations, but showed a second order response to NTP concentration, with a maximum yield at ≈7 mM total NTPs. (**C**) RCT was carried out from a series of DNA templates with variable loop sizes. The red x indicates that no RCT occurred from the template with two 5-base loops; green circles indicate RCT yield increased as a function of loop size for loops \>5 bases. (**D**) Denaturing agarose gel electrophoresis (1.5%, MOPS, 7% formaldehyde) of RCT reaction products obtained from the templates with 8-base, 10-base, and 12-base loops (templates 4, 6 and 11). (**E**) Size distributions with corresponding number avg. molecular weight (M~n~), weight avg. molecular weight (M~w~) and PDI, calculated from the gel in (D). (**F**) Quant-iT Ribogreen quantification of the RNA yield from the different dumbbell templates. Yields are reported as the mean with s.d. for two independent reactions.](gkv1488fig1){#F1}

To assess the scope of useable dumbbell templates for RCT, we varied the lengths and sequences of both the single-stranded and double-stranded regions of DNA dumbbells and analyzed the RNA products by gel electrophoresis and Ribogreen assays after 24 h *in vitro* transcription reactions (Figure [1C](#F1){ref-type="fig"}--[F](#F1){ref-type="fig"}; for a list of all sequences used in this study see the Supplemental Information, Table S1). We initially investigated a series of templates containing a constant 21 bp double-stranded stem corresponding to an siGFP sequence, and loops with variable lengths ranging from 3 to 12 bases (templates with 3- and 6-base loops had one additional base pair). These loop sequences were derived by adding or subtracting bases to the 10-base miR-23a loop sequence while avoiding the introduction of secondary structure. Dumbbell templates that contained two identical loops shorter than 6 bases did not yield any concatenated RNA product (Figure [1F](#F1){ref-type="fig"} and Supplementary Figure S3). We observed trends of increasing RNA size and yield with increasing loop size, with the average size for the RNA corresponding to 6--10 repeats based on denaturing agarose (formaldehyde/MOPS) gel analysis (Figure [1D](#F1){ref-type="fig"}--[F](#F1){ref-type="fig"} and Supplementary Figure S3). A similar trend was previously reported for transcription from unstructured circular templates, where an increase in transcript size/yield was observed in going from a 13- to 18-base circular template with T7 RNA polymerase ([@B25]).

To test whether the effect of loop size on RCT productivity was primarily due to transcription initiation or elongation, we carried out RCT from an asymmetric DNA dumbbell containing 5- and 10-base loops (GFP-5/10). RCT from GFP-5/10 yielded only slightly less RNA than the symmetric template with two 10-base loops (262 versus 299 μg/ml), with a similar RNA size distribution (Figure [1D](#F1){ref-type="fig"}--[F](#F1){ref-type="fig"}); a single loop of 5 bases is thus tolerated during the elongation phase of transcription, suggesting that loop size mainly influences transcription initiation.

Transcription initiation by T7 RNA polymerase is known to heavily favor incorporating GTP as the first nucleotide ([@B26]). We therefore tested whether the presence of Cs in the template loops had an influence on transcription initiation. We compared five DNA dumbbell templates with 10 base loops containing either no Cs, 1 C in one of the loops, 1 C in both loops (i.e. the original loop sequence), 5 Cs in both loops and 10 Cs in both loops (i.e. all Cs). Agarose gel electrophoresis of the products from these templates showed no difference in size distribution when comparing 0--1 C in the loop sequence; however, a notable decrease in transcript size was observed upon increasing to 5 Cs in the loops, and the 10-C template gave only a short transcript at roughly 100 bases (Supplementary Figure S4A). We also compared the yields from these different templates, and found minimal differences for loops with 0--5 Cs, but a significant drop-off in yield (\>50%) for the 10-C loop (Supplementary Figure S4B).

We also investigated the influence of the double-stranded stem length on the yield of RCT. It was previously reported that a stem length of 29 bp required the introduction of mismatches for efficient transcription, whereas stems of ≤25 bp gave efficient transcription without mismatches ([@B13]). We confirmed these findings and observed similar p-shRNA products from templates with 25 and 27 bp stems (with 10-base loops; templates 12--16) compared to the analogous 21 bp template, with the introduction of three mismatches appearing to improve the reaction yield. In contrast, we observed a sharp drop-off in yield for a template containing a 29 bp stem with three mismatches (Supplementary Figure S5).

p-shRNA structure and stability {#SEC3-2}
-------------------------------

We characterized the secondary structure of the RNA molecules produced by RCT using CD and enzymatic digests, focusing on RNA produced from template 6 (GFP-10a). Figure [2A](#F2){ref-type="fig"} and [B](#F2){ref-type="fig"} shows CD spectra for p-shRNA and a 21 b siRNA for comparison. The spectra for the two samples have similar shapes and normalized peak intensities, which are consistent with the A-form double helical structure expected for dsRNA. However, differences between the p-shRNA and siRNA spectra were observed upon heating the samples to 95°C. As expected, the siRNA sample underwent a sharp melting transition at ∼65°C (monitored at 210 nm) ([@B27]); in contrast, p-shRNA showed a linear decrease of CD signal with increased temperature, and appeared to retain some of its secondary structure up to 95°C. Digesting p-shRNA with RNase I, which is selective for ssRNA, yielded products consistent with the predicted secondary structure of alternating single-stranded and double-stranded regions. p-shRNAs predicted to have 21 and 25 bp double-strand regions (p-shRNA-21 and p-shRNA-25; synthesized from templates 6 and 12) were treated with RNase I: following 15 min, we observed prominent bands at 21 and 25 bp, respectively (Figure [2C](#F2){ref-type="fig"}). Treatment of the 21 bp p-shRNA with 50% human serum resulted in a similar banding pattern compared with RNase I treatment. Figure [2D](#F2){ref-type="fig"} shows the appearance of a prominent 21 bp band--along with other larger fragments--within 30 min; the 21 bp band subsequently decreased in intensity over the course of the experiment. Degradation half-lives were calculated for siRNA and the 21 bp fragment derived from p-shRNA by image densitometry, which gave values of 2.0 and 5.0 h, respectively (Supplementary Figure S6). Although the 21 bp p-shRNA fragment is expected to degrade at a similar rate as 21 bp siRNA, p-shRNA must first be broken down from larger fragments: these appear to be degraded more slowly than siRNA, and thereby prolong the effective serum half-life of p-shRNA compared to siRNA.

![Characterizing the secondary structure and stability of p-shRNA. (**A** and **B**) CD spectra of p-shRNA (21 bp stem/10 base loops) and siRNA (21 bp with same sequence) measured at 25 and 95°C. The insets plot the CD signal at 210 nm as a function of temperature. (**C**) p-shRNAs with 21 or 25 bp stems (from templates 6 and 12, respectively) were treated with RNase I for 15 min then run on a native 15% TBE-PAGE gel. The observed banding pattern confirms the predicted alternating single-/double-stranded structure of p-shRNA. (**D** and **E**) p-shRNA (21 bp stem/10 base loops; from template 6) and siRNA (21 bp) were treated with 50% human serum for 0.1--24 h and run on a native 15% TBE-PAGE gel (SB indicates background serum band). Ladders = dsRNA ladder (NEB) and siRNA marker (NEB).](gkv1488fig2){#F2}

p-shRNA molecules can potentially fold into several different structures that are consistent with the above results. The predicted MFE structure for p-shRNAs involves the entire molecule folded back on itself, as depicted in Figure [3C](#F3){ref-type="fig"}; however, the realization of this MFE structure is unlikely since p-shRNA folding is expected to occur co-transcriptionally. We used CoFold--a free energy minimization algorithm that takes folding kinetics into account--to model p-shRNA folding ([@B21]). Folding predictions were performed for 2--6 repeats of a p-shRNA sequence with symmetric 10-base loops while varying the folding parameter τ (lower values of τ place a greater emphasis on kinetic control of folding) and using the Turner (1999) energy parameters. The simple periodic hairpin structure shown in Figure [3A](#F3){ref-type="fig"} was predicted across a wide range of τ values including the default value of 640, which was previously optimized for predicting the folded structure of large RNAs ([@B21]). We note that this structure is predicted to be only ∼1 kcal/mol/repeat higher in energy than the MFE prediction using the same energy parameters. The 3D structures for the periodic hairpin and MFE structures are unique in their dimensions, with five repeats of the co-transcriptionally folded structure measuring 11 × 15 nm compared to 40 × 3 nm for the MFE structure. Notably, the MFE structure appears similar to a conventional dsRNA, whereas the co-transcriptionally folded structure is considerably different. Increasing τ to roughly double or triple the default value gave structures with double- and triple-hairpins through further back-folding of the RNA molecule. This suggests that the simple periodic hairpin arrangement likely predominates, but a mixture of further back-folded structures could be present depending on the rates of transcription and folding.

![Comparison of 3D models of p-shRNA fragments based on co-transcriptionally folded (kinetic) or minimum free energy (MFE) secondary structures. (**A** and **B**) Side and front views of a 3D model based on the secondary structure of p-shRNA (5 repeats) predicted to form through co-transcriptional folding. (**C**) Side view of a 3D model based on the predicted MFE structure of p-shRNA (5 repeats). Co-transcriptional and MFE secondary structures were predicted using CoFold and RNAFold, respectively. 3D models were generated using RNAComposer and rendered with PyMol.](gkv1488fig3){#F3}

RNase T1--which selectively cleaves ssRNA 3′ to guanines--was next used to distinguish between the different predicted folded structures of p-shRNA. We used a DNA template with two different 10-base loops--one containing a single cytosine and the other lacking cytosines (template 7)--to give p-shRNA with one loop containing a single guanine and the other loop without any guanines. Since this template had equally sized loops with nearly identical sequences, we predicted that transcription would initiate randomly from either loop leading to the two co-transcriptionally folded structures shown in Figure [4A](#F4){ref-type="fig"}. Treatment of these RNA products with RNase T1 would then either cleave at the top of the hairpin loop or at the bottom of the stem, theoretically yielding a 1:1 mixture of intact p-shRNA and a band near 30 bp under non-denaturing conditions. In contrast, periodic double- or triple-hairpin structures would lead to a larger fraction of ∼60 bp fragments and smaller amounts of single hairpin fragments and 'trimmed' periodic RNA; RNase T1 treatment of the predicted MFE structure should lead almost entirely to ∼60 bp fragments. The results of the experiment are shown in Figure [4](#F4){ref-type="fig"} and agree well with the predictions for the simple co-transcriptionally folded structure. Following treatment with RNase T1, we observed a prominent band at 30 bp (corresponding to a single hairpin), two faint bands at ∼60 and 90 bp (corresponding to two/three hairpins), and a group of bands \>500 bp that migrated alongside the untreated sample. Integration of these bands (\>500 versus 30/60/90 bp bands) gave close to the predicted 1:1 ratio (measured = 0.9 ± 0.2). An otherwise identical RNA with a G in both loops (from template 6) was almost completely broken down into 30 bp fragments under the same conditions; some higher order bands were again apparent, suggesting that these are the result of incomplete digestion (Figure [4B](#F4){ref-type="fig"}). Denaturing PAGE gels of the above products were virtually identical, both showing one major band corresponding to the length of a single hairpin repeat (Supplementary Figure S7); this result confirms that the apparently intact p-shRNA in Figure [4A](#F4){ref-type="fig"} was indeed nicked. Lastly, we attempted to convert the p-shRNA from Figure [4A](#F4){ref-type="fig"} to a lower energy structure by heating to 95°C and slowly cooling back to room temperature. Treating this refolded p-shRNA with RNase T1 gave a similar banding pattern as before, however, the relative intensity of the intact p-shRNA band compared to the shorter bands was around three times less than observed for the original p-shRNA sample (ratio = 0.3 ± 0.1, Supplementary Figure S8). While this result is inconsistent with the predicted MFE structure, it suggests that some structural rearrangement of p-shRNA occurred upon heating (see Supplemental Information for further discussion).

![Distinguishing between kinetic and thermodynamic folded structures of p-shRNA. (**A**) Schematic and native PAGE gel (15% TBE) for T1 digest of p-shRNA derived from template 7 (one C in one loop). The gel shows prominent bands corresponding to knicked, intact p-shRNA (\>500 bp) and a single hairpin unit (∼30 bp). (**B**) Schematic and native PAGE gel (15% TBE) for T1 digest of p-shRNA derived from template 6 (one C in both loops). The gel shows a single prominent band at ∼30 bp following the T1 digest, corresponding to a knicked single hairpin unit of p-shRNA. Ladders = dsRNA ladder (NEB).](gkv1488fig4){#F4}

Cytotoxicity, silencing activity and immunostimulation {#SEC3-3}
------------------------------------------------------

The toxicity of large dsRNA in cancer cells has been attributed to TLR3 ([@B28],[@B29]) and the cytosolic PRRs RIG-I/MDA5, particularly when dsRNA is delivered with transfection reagents ([@B18],[@B30]--[@B32]). We first tested the cytotoxicity of p-shRNA in HeLa cells when delivered with Lipofectamine as a function of p-shRNA length (Figure [5A](#F5){ref-type="fig"}). Intact p-shRNA (21 bp) delivered with Lipofectamine caused a concentration-dependent decrease in cell viability with an IC~50~ value of 110 ng/ml. When p-shRNA was first broken down into small fragments (by treating with RNase T1) it was ∼4-fold less potent, with an IC~50~ value of 461 ng/ml. For comparison, a 21 bp siRNA with the same dsRNA sequence as the p-shRNA was much less toxic than the enzymatically digested p-shRNA when delivered with Lipofectamine (IC~50~ \> 1500 ng/ml). Lipofectamine on its own was also found to be non-toxic to HeLa cells when administered at the same concentrations without RNA (data not shown).

![Cytotoxicity and gene knockdown studies with p-shRNA in different cell lines. (**A**) Cell viability dose-response curves for p-shRNA, RNase T1-digested p-shRNA and siRNA delivered with Lipofectamine to HeLa cells. Viability was measured by the CellTiterGlo assay and normalized to untreated cells. p-shRNA for this experiment was derived from template 6. (**B**) IC~50~ values ± 95% C.I. (based on three parameter log-logistic model) calculated from viability curves for cell lines treated with p-shRNA (I = p-shRNA-21, II = p-shRNA-25; derived from templates 17 and 18) or HMW poly-I:C complexed with Lipofectamine. (**C**) Cell viability dose-response curves for p-shRNA-25 and poly-I:C delivered with either Lipofectamine or TransIT-X2 to SKOV3 cells. (**D**) Caspase activation measured using CaspaseGlo luminescence assays 14 h after treating SKOV3 cells with p-shRNA-25- or poly-I:C-Lipofectamine complexes at 300 ng/ml. Values correspond to the means of three biological replicates (±s.e.m.). (**E**) Mean GFP expression determined by flow cytometry was measured in HeLa cells 72 h following transfection with 10 nM p-shRNA (p-shGFP-21 or p-shLUC-21) complexed with TransIT-X2. Values were derived from mean fluorescence and correspond to the mean of three biological replicates (±s.e.m.) relative to untreated cells. (**F**) Luciferase expression was measured as bioluminescence normalized to total protein in SKOV3 and UCI101 cells following treatment with 15 nM p-shRNA complexed with TransIT-X2 (p-shLUC and p-shGFP used in this experiment were synthesized from templates 19 and 20). Values are presented as means for three biological replicates (±s.e.m.) relative to untreated cells. For all graphs: *P* \< 0.05 (\*), *P* \< 0.01 (\*\*), *P* \< 0.001 (\*\*\*).](gkv1488fig5){#F5}

We next compared the dose-response behavior for the lipofection of p-shRNA and HMW poly-I:C in a panel of cancer cell lines (HeLa, A549, SKOV3 and UCI101) and NIH-3T3 fibroblasts. We tested two different p-shRNAs with 21 or 25 bp ds-regions (from templates 17 and 18; referred to here as p-shRNA-21 and p-shRNA-25). Overall, poly-I:C and p-shRNA-25 were found to be similarly cytotoxic (Figure [5B](#F5){ref-type="fig"}), and p-shRNA25 was ∼2-fold more potent than p-shRNA-21. Out of the different cell lines tested, the lowest p-shRNA and poly-I:C toxicities were observed in 3T3 fibroblast cells. The IC~50~ values for p-shRNA-21, p-shRNA-25 and poly-I:C in 3T3 cells were \>1500, 880 and 711 ng/ml, respectively; in contrast the corresponding IC~50~ values averaged across the cancer cell lines tested were 200, 75 and 129 ng/ml. It is important to note that in addition to having different ds-lengths, p-shRNA-21 and p-shRNA-25 also had unrelated sequences. To test whether ds-length was an important factor in determining p-shRNA cytotoxicity, we tested another pair of 21 and 25 bp p-shRNA sequences in SKOV3 cells (p-shGFP-21 and p-shGFP-25; from templates 6 and 12), which had identical sequences except for the four extra base pairs in the 25 bp p-shRNA. Of these two p-shRNAs, p-shGFP-21 was slightly more toxic to SKOV3 cells (IC~50~ = 103 versus 168 ng/ml, see Supplementary Figure S9), suggesting that ds-length alone is not a strong predictor of cytotoxicity; however, different double-strand sequences do appear to have different potencies.

The cytotoxicity of lipofected poly-I:C was previously shown to proceed through a caspase-dependent apoptotic pathway in cancer cells ([@B18]). We compared caspase activation in SKOV3 cells 14 h following treatment with p-shRNA-25 or poly-I:C delivered with Lipofectamine (Figure [5D](#F5){ref-type="fig"}). Both poly-I:C and p-shRNA-25 caused significant increases in caspase 3/7, caspase 8 and caspase 9 relative to untreated cells, suggesting that p-shRNA activates apoptotic pathways in a similar manner to poly-I:C following lipofection.

To test the generality of p-shRNA toxicity in cancer cells we treated the same four cancer cell lines with p-shRNA-25 complexed to a polymeric transfection reagent (TransIT-X2). Figure [5C](#F5){ref-type="fig"} shows the dose-response curves for p-shRNA-25 and poly-I:C delivered with TransIT-X2 or Lipofectamine in SKOV3 ovarian cancer cells. Notably, p-shRNA showed nearly identical toxicity when delivered with TransIT-X2, whereas poly-I:C was more than an order of magnitude less toxic when transfected with TransIT-X2 (\>1500 ng/ml) compared to Lipofectamine. The average IC~50~ value for p-shRNA-25 delivered with TransIT-X2 in the four cancer cell lines was 239 ng/ml; poly-I:C delivered with TransIT-X2 was moderately toxic to A549 cells (IC~50~ = 947 ng/ml) and relatively nontoxic to all other cell lines (IC~50~ \> 1500 ng/ml).

Reporter gene knockdown using p-shRNA was initially measured in GFP-expressing HeLa cells (Figure [5E](#F5){ref-type="fig"}). Using TransIT-X2, we observed 73 and 84% GFP knockdown relative to untreated cells for 10 and 30 nM p-shGFP-21 doses at 72 h (mean fluorescence measured by flow cytometry). We observed minimal non-specific knockdown with the negative control p-shRNA (p-shLUC-21) at 10 nM; however, a 33% decrease in GFP expression was seen at the higher 30 nM dose. p-shRNA delivered with Lipofectamine also caused knockdown in HeLa cells, however, the effect size was smaller than with TransIT-X2 (48 and 56% knockdown at 10 and 30 nM doses; see Supplementary Figure S10A). p-shRNA with a 25 bp stem (p-shGFP-25) was also effective at causing knockdown in HeLa cells, with no significant differences in activity observed relative to p-shGFP-21 (Supplementary Figure S10B and C). We also tested knockdown with TransIT-X2 in luciferase-expressing SKOV3 and UCI101 ovarian cancer cells using 25 bp p-shRNA derived from template 19. In both cell lines, we observed 50--60% knockdown relative to untreated cells at a 15 nM dose (measured as luminescence signal normalized to total protein); this knockdown was significant (*P* \< 0.05) compared to cells treated with negative control p-shRNA (containing an siGFP sequence transcribed from template 20).

The activation and nuclear translocation of NF-κB is a canonical marker of innate immune stimulation (Figure [6A](#F6){ref-type="fig"}). To test if p-shRNA transfection leads to NF-κB activation, we stained SKOV3 cells with NF-κB antibody before and after transfection with p-shRNA-25/Lipofectamine and compared with poly-I:C as a positive control. Following stimulation with p-shRNA-25/Lipofectamine, an increase in nuclear NF-κB signal was apparent after 1 h, as evidenced by co-localization of the NF-κB stain with the DAPI nuclear stain (Figure [6B](#F6){ref-type="fig"}; yellow color indicates overlap). We next quantified the extent of NF-κB nuclear translocation for untreated, p-shRNA treated and poly-I:C treated cells by taking the ratio of median fluorescence inside the nucleus to median fluorescence in the cytoplasm. Based on this metric we observed a concentration-dependent shift in the cell population to higher nuclear localization following p-shRNA transfection, with a 2.6-fold increase relative to untreated cells for cells treated at 600 ng/ml (Figure [6C](#F6){ref-type="fig"} and [D](#F6){ref-type="fig"}). The nuclear localization of NF-κB following p-shRNA treatment was greater than for poly-I:C (1.9-fold increase at 600 ng/ml), indicating that p-shRNA is a potent activator of innate immune pathways.

![Activation of NF-κB in SKOV3 cells by p-shRNA-25. (**A**) NF-κB is activated by dsRNA through pattern recognition receptor (PRR)-mediated signaling, resulting in nuclear translocation and transcriptional activation of myriad genes. (**B**) Fluorescence imaging of SKOV3 cells stained with anti-NF-κB (red) and DAPI (green). Poly-I:C and p-shRNA were complexed with Lipofectamine and incubated with cells at the indicated concentrations for 1 h prior to fixation and staining. The yellow color in the merged images indicates nuclear localization of NF-κB. (**C** and **D**) Nuclear localization of NF-κB was quantified using Cell Profiler by taking the ratio of median NF-κB fluorescence in the nucleus divided by median NF-κB fluorescence in the cytoplasm for untreated cells or cells treated with 150 or 600 ng/ml RNA/Lipofectamine complexes (for histograms of samples treated with 150 ng/ml see Supplementary Figure S11). Values in (D) correspond to the geometric means of the histograms ±95% confidence intervals.](gkv1488fig6){#F6}

DISCUSSION {#SEC4}
==========

In this study, we used rolling circle transcription (RCT) to concatenate shRNA units into large periodic RNA molecules that we refer to as p-shRNA. This was achieved using T7 RNA polymerase, which can transcribe p-shRNA from simple dumbbell templates that lack a promoter sequence. Our findings suggest that the loop size in these templates has a profound effect on p-shRNA yield and a moderate effect on transcript length, with larger loops causing both to increase. The importance of loop size appears to be mostly related to transcription initiation, where the larger loop may mimic a 'transcription complex bubble' similar to what has been described in other promoterless systems ([@B11],[@B33],[@B34]). Large loops (i.e. 11--22 bases) are also required by RNA Pol III for promoterless transcription from circular DNA templates; however, in the case of Pol III, RCT does not take place and short well-defined transcripts are obtained instead ([@B35],[@B36]). For RCT with T7 polymerase, we found that although 6 base loops were sufficient for obtaining p-shRNA, the presence of at least one loop ≥10 bases greatly improved the RNA yield. With this in mind, the optimized RCT conditions described in this paper can yield quantities of RNA sufficient for *in vivo* work and other material-intensive experiments. Although T7 RNA polymerase preferentially initiates transcription with GTP, we found that cytosines were not required in the loops for RCT from dumbbell templates. One possibility is that the loops are important for T7 polymerase binding, but that initiation occurs at a cytosine in the adjacent double-stranded region. On the other hand, the inclusion of 5--10 cytosines in the dumbbell loops led to shorter transcripts. Previous work demonstrated that long stretches of Cs can halt transcription by T7 RNA polymerase, which was proposed to be due to the unusual stability of dC/rG base pairs ([@B37]).

The folded structure of p-shRNA is predicted to be very different depending on whether it assumes the minimum free-energy structure or a co-transcriptionally folded (kinetic) structure. Our results suggest that it adopts the latter--i.e. a repeating hairpin structure reminiscent of the typical models presented for primary miRNA. An interesting feature of this type of structure is the asymmetry of the single-stranded regions: one acts as the hairpin loop and the other links the hairpins together. When transcription is initiated from a dumbbell template, the initiating loop should end up in the latter position; since transcription initiation is determined by loop size, this should enable specific sequences to be placed in either the loop or linker regions as desired. The spatial positioning of different sequences could then be used to further optimize the properties of p-shRNA.

Cell viability assays in four different cancer cell lines revealed potent cytotoxicity for p-shRNA delivered with cationic lipid (Lipofectamine) and, to a slightly lesser extent, cationic polymer (TransIT-X2) transfection reagents. The large size of p-shRNA appeared to contribute to its toxicity along with the sequence of its double-stranded region. The influence of other factors, like the presence of the 5′ PPP moiety and the sequence of single-stranded regions, were not investigated in this study, but could also potentially contribute to p-shRNA toxicity. We also demonstrated that p-shRNA can cause gene silencing in multiple cancer cell lines. In the future, combining the knockdown of therapeutically relevant genes with the potent toxicity of p-shRNA could lead to synergistic activity.

We found that p-shRNA\'s toxicity was very similar to that of poly-I:C--a canonical innate immune activator with established anti-cancer activity--when both were delivered with Lipofectamine. In contrast, we were surprised to find that p-shRNA was orders of magnitude more toxic than poly-I:C following transfection with the polymeric TransIT-X2 reagent. Although the reason for this difference remains to be determined, it perhaps indicates differences in how and where p-shRNA and poly-I:C are recognized by PRRs. Poly-I:C is best known as a TLR3 agonist but can also activate RIG-I/MDA5 when delivered to the cytoplasm ([@B38]). In this context, poly-I:C induces an innate immune response characterized by IRF-3 and NF-κB activation, with the downstream production of type-I interferon. Interestingly, the apoptotic effects of poly-I:C in melanoma cells were shown to be mediated by the mitochondrial pathway, requiring caspase-9 activation and independent of type-I interferons ([@B18]). We also observed a significant induction of caspase-9 by p-shRNA in this study, indicating that a similar mechanism is at play. p-shRNA\'s observed cytotoxicity and activation of NF-κB suggest that it is a potent activator of PRRs, however, further work is needed to determine which PRRs are involved and to what extent.

Targeted gene silencing and immunostimulation can both be exploited for cancer therapy. We have demonstrated that p-shRNA can cause gene silencing, cytotoxicity and innate immune activation in various cancer cell lines. p-shRNA\'s double stranded regions, single stranded regions and 5′-PPP moiety could all influence PRR activation and cytotoxicity: these structures and their exact sequences are readily varied in p-shRNA, which could make it a flexible immunotherapy platform with gene silencing capabilities. The large size and flexible structure of p-shRNA is expected to enhance self-assembly behavior compared to siRNA, which could enable new avenues for *in vivo* delivery. Future work will aim to further elucidate the mechanism of action for p-shRNA and optimize its delivery for cancer therapy.
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